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Outline:

o What T do we see in A+A and elementarg

Par’ticlc reactions? Do these T signal e

*» Abitof Inistorg: Stat. Bootstrap Moclel;
MIT Bag Model... Problems with GCE.

* MCE‘:ProPerties of Hageclorn resonances =

Perfect Thermostats and Particle Reservoirs

* OPen Questions and Conclusions
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Phase Diagram

« Partonic World:

<=> Hadronic World

Transition:
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Temperatures in A+A Reactions

¢ | attice QCD at O bargOﬂiC density;
. transition T =170 +/- 10 MeV , rxarsch,

Nucl.Phgs.Proc.SuPPI. 83(2000)

o Chemical Freeze-out at highest SPS and all
. RHIC energies T =170+/-10 MeV :

G.D.Yen, M.|.Gorenstein, PRC 59 (1999), P.Braun-Munzinger et al PLB 465 (1999)

This T shows that hadronic coml:)osi’tion of a created matter
(inclucling clecag of resonances!) does not change while sgstem
exPancJS and cools down.

Remarkablg, T = Const while \/5 Zrows ]:)9 12 times!
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._arlg Hadronization Teml:)erature
in A+A Collisions

2 Remarkablg) at highest SPS and all RHIC energies
| itisalso T=170+/-10 MeV!

« This T evidences that momentum spectra of some

hadrons are frozen since the moment of their

formation!

* Necessary conditions: heavg haclrons, small cross-
' sections with other haclrons, no low |9ing resonances
with Pions!
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Momentum Spectra at CERN SPS

. Q JAp Y transverse momentum spectra indicate: T = 170+ /-10 MeV
Is their hadronization T'!

* An elaborate Blast Wave aPProximation was used to fit data

M.I. Gorenstein, K.A.B., M. Gazdzicki, Phys. Rev. Lett. 88 (2002) 1323011
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mp-Spectra at RHIC /syy = 130GeV

¢, Q transverse momentum spectra and emission volume T HRJQE{-
show: T = 170+/-5 MeV is their hadronization T!

K.A.B., M. Gazdzicki, M.I. Gorenstein, PRC 68 (2003): x?/ndf £ 0.46
Ag- = 1.09 & 0.06, y%® = 0.74 £ 0.09, 7y RZ = 275+ 70 fm3/c
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¢ data: STAR, Phys. Rev. C 65 041901(R) (2002) ;
_Q_l% data: G. van Buren [STAR], talk at QM2002 .



Evident fixplanation for A+A reactions
& orQ bargonic chargc the Particle Ratios (chemical

Freeze—-out) are frozen since hadronization of
QGP at T =170+/-10 MeV.

& Foi0 bargonic charge the kinetic freeze out of
some haclrons (qﬁ, J/, " mesons, <2 hgpemﬂfs}

occurs at their hadronization from QGP atsame T!

‘& Surprisin lu. similar values of T are seen in el.
. P 2y,

Particle collisions!
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Hadronization in .’Elémentarg

Particle Collisions

& Stat. Hadronization §
koxELTrW%ﬁUN%Vé
S
. F.Becattini, A.Ferroni, Acta. &
Phgs. Polon. B %5 (2004) E
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Kaon Inverse Slopes in

‘ilementarg Particle Collisions

* |n wide \/E range >

| == K*
| T =180 +/-20 MeV, = 300 [
M.Kliemant, B. Lungwitz, M. Gazdzicki, i l
: PRC 69 (2004) (Open sgmbols) I

v About the same T is for 200__
l:)lons and nucleons

* lA+A dataisa Step, 490l e
inverse slol:)es are modified : R !ggg,z

; Eclue to transverse expansxon ST L Y :

;;M.Gorenstein,M.Gazclzicki,K.A.B., 1 10 10

PLB 567 (200%) \[Syy (GeV)
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, Problem
* Same T = 170+/-10 MeV values in A+A collisions |
Fscare explainecl bg transition to/ from QGP,

- 0 Whg T values in El. Particle collisions are nearlg
the same? Is there QGP formed? Wlﬁy don’t we

see 1t?

* DoConst T values in El. Particle collisions signal’

a Phase transition?

- Usua”y it clepends on conditions:

~ pressure = Const, or Volume = Const, or ...
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There IS gaP In our unclerstanclmg of
A+A and h+h reactions!
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Statistical Bootstrap Model

The first evidence for p(F) = C e density of states was found
numerically in 1958 having 15 particles only!

Result was not understood until a model was formulated in 1963
Model predicted: entropy S = a E energy

G. Fast and R. Hagedorn, Nuovo Cimento 27 (1963) 208

Then: T'=1/a = Const leads to the following density of states:

O e ¢S = 2 je. exponentially growing spectrum!

R. Hagedorn, Suppl. Nuovo Cimento 3 (1965) 147

* Jtwas heresg and Weisskoi:nc forbade to Publish it as CERN
Preprintl But 1964 data confirmed an exPonential form.



-. HégéarOﬂ SPCC‘Erum Follows from

o(m) ~ m3exp {TEH} for m — oo ¢

Stat.Bootstrap Model, N
S.Frautschi, 1971 1000 |

500 |

Veneziano Model, 100 |
K.Huang,S.Weinberg, 50 |
1970 |

10 |

M.I.T. Bag Model,
J.Kapusta, 1981

m [GeV]




HagedronSPeétrum and Bég Model

* i]5815 Model is a foundation of our Phenomeﬂologg.
It gave a first evidence that transition to Partonic World is

1a Phase transition. Resonances are small bags ol QGP.
) fHow does it explain Hageclom spectrum with Const T7

o 'Consider a single heavg bag of o bargonic charge N vacuum.

O extemal Pressure ﬁxes the temperature (g (St cl.onc}:
| > 7
- *fThen entropy of the bag is

_ e(Tg)V _ Mass
AR Ty

S

Alass}

= p(Mass) = exp[S] = exp [
H

e s T S e e e —



Evergthihg looks ﬁne BEFF=

bl Exam ole #1. 1-d Harmonic Oscillator
l:orl d Harmonic Oso”ator w:th energy & In contact

wnth Hagec orn resonance (Just exPonentlal spectrum PH

For sxmpllcxtg) Total energy is L.

Exponent is

* .:The microcanonical Erobab ||t9 of state & is:

| E - E .
P(e)= p(E —¢) =exp = l=exp - |exp —TS) « Grand canonical!
: 2 3 g With fixed T
S slope = 3 |
- i Average value of & is
=

Lo e
8_TH(1 eXp(E/TH)-l)

Lo s BopE noo L& Ty
€
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T

.__xamplé #2. An ldeal Vapor

couplecl to Hageclom resonance

B Consider microcanonical Partition of N Partic!es of

mass m and kin. energy &. The total level densitg IS

P(Eje) = pu(E - €)p, () - N!(VgN N),(Izn;
. 2

Ay
)2

exp

E-mN -¢
TH

. The most probable energy partition is

ﬁlnP_ 3N_ 1

.

Exponent is
Grand canonical!
With fixed T'!

=0=

€

2¢€

6
7 N

S

e Iy is the sole temperature characterizing the system:

e A Hagedorn-like system is a perfect thermostat!
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Intermediate Conclusion:

o For Hageclom resonances the Grand canonical

ensemble with T other than Hagedom T does not

make any sensel

® Because itis ec]uivalent to bring TP e ro i <

thermostats with ditferent T



-« If inaddition, Particles are
generatecl bg the Hageclom
resonance, their concentration

is volume inclel:)enclent!

fixample #%. An ldeal Particle Reservoir |

0 0

N
pH(E)\

// e

ideal vapor p,,

e particle mass = m

e volume =V

e particle number = N
*energy = €

Remarkable result because it mean saturation
between gas of particles and Hagedorn thermostat!
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Important *“‘indingl

' Volume inclel:)enc ent concentration of vapor means:

for increasing volume of system gas Particles will be

4 evaPoratccﬂ from Hageclom resonance (till it vanishes);

bﬂ clecreasing volume we will absorb gas Particles to

Hageclom resonance! Compare to orclinarg water!

Litera”g, itis a liquicl (Hagedorn resonance)

In equilibrium with its vaPorl

+—S=>
Pu(E)
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' The Sforg SO Far...

Angthiﬂg in contact with a Hageclom thermostat

acquires the Hageclom tempera‘cure.

1 Particles (e.g. Pions} can be created from a
Hagedom thermostat, theg will form a saturated

vapor at ﬁxed (Hageclorn) temperature.

it ditferent Particles (1.e. of different masses m) are

created, theg will be in chemica eclui ibrium.

Because of these Properties the radiant Hageclom
resonance should be similar to a coml:)ouncl nucleus

(same spectra and branching ratios), but at fixed T
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The réle of the lower mass cut-off

L o Sofarwe ignorecl that for |ight hadrons the

spectrum Is not exponential. Also translational

dot. o1C the Hagedom thermostat were ignored

} & Fora single Hage&om thermostat et
| pa(mpg) = exp[myg /Tyl (mo/mp)® for myg > mo

The mass cut-off: me > Ty

From an analysis by W. Broniowski et. al., hep-ph/0407290 =
Mo < 2 GeV

For a single Hagedorn thermostat:

] 3 1 SN i
ST _T_H_I_(E_a)m_’;]_ S e
8 (mH) =




' N—-dépendencé and Kinematic Lirﬁit

0 For such N the maximum
B = 2 - a] T"(mo)

m + % T*(mo)

- of microcanonical

;j Partition exists.
o Otherwise, for

=
fat
Nl
N > Ngin’ ity FYYYYYYYYYVYY YLl A
Fora> 1.5 Hagedorn T
e OB =1 NS . . ey e
Femminiest = | isnotalimiting one!
; I
R
o]
Hagedorn resonance does not have an S
| sufficient mass to keep equilibrium | [ g{:zugi e
——- N"@s= o
Ao saaR e Nt

| Atypical behavior (E=30m) |} -
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Inverse Slopés

& The microcanonical Parti{:ion can be cast

+2+Q2

in d3Q i
[FOfais Na=" Nk et S g VpH(m ) /(271_)3 (m+)
0 (m+> - (2:1; A
N (27r)3 2

For N > NE&" one has to replace T*(m};) «— To(N) and m}; — mo

Inverse slope of momentum distribution
is a temperature!

e Lower mass cut-off does not affect our results much.

e IN N_,’;f” vicinity there may exist 10—20 % effect on T*

e e = - -
B N T e e - —



. Stabi Iitg Against Fragmentation
For no translational entrol:)g the Hageclom

' thermostat (:bag> is indifferent to gragmentation.

<indifferent ou(m,) P(ms)
Py(ms)
ow(m) " e
H 2 ;mi Pu(m,) s Pu(my)
exp i) = exp T. Pu(my,) pp(my)

Transl_ational d.o.f. donot change this result.

Present model not onlg EXPLAINS Whg Becattinr’s
Stat. Hadronization Model gives T close to Hageclom G
but it alsojustiﬁes the validitg of his major assuml:)tion that

-_' all fireballs originate froma Singe Protofireball!



How to observe it?

¢ |nvacuuma Hageclorn thermostat radiates
hadrons. For slow radiation the presours duzto
radiation is small (2 -3 % of bag Pressure,\. Thus.
measuring energy and volume (BB ror vamshing

bargon number) one cari ind the # of d.o t. o2

2
4
< gg_OZH + B Gev,/fm3

2 4 pH(E)

There was ar. otlempt by Purau. o.oupto
measure energy density in el. pardicle collicions.
See T.Alexcpoulos et al, PLLB 528 (2002)
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S 'Fiaélﬂ at Do‘ijle Phl Decag?

Different models show that Parameter 25 Hageclom mass

‘spectrum IS a=3 or even a>J. .

In oy (m)

{In this case at the end of radiation

bivt, > mo and T* ~ 1.1 Ty — 1.2 Ty
"‘I:or Pions itis unobservable but for heavy P

!Thus heavy hadrons emitted about the en. *f
have an enhanced Probab lltg, comparecl 1

-;Best candidate to see Flash (V. Koch) is, P ul

m,

' jjdecag?

‘?_I:or more definite Predictions we need better model and better data!
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| Conclusions
] Exponential mass s[:)ectrum IS a very special object.

;-_ It imparts the Hageclom temperature to Particles in contact

with it = Pemfect thermostat!
It is also a Pemcect Particle reservoir!

-iGrancJ canonical treatment shoulcl be used with great carel

';'Microcanonical one is the right one.

T'Our reSultsjustiFg the Statistical Hadronization Model and
iexplain whg hadronization T and inverse slol:)es inel.

. él:)article collisions are about 170 MeV.

This is Phase transition in finite system. No liberation of
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A+A data
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